1. Introduction {#sec1-1}
===============

Since its invention by Gabor \[[@r1]\] holography has experienced massive growth as a field \[[@r2]--[@r38]\], which got even faster as various technologies such as digital sensor-arrays (e.g., CMOS and CCD technologies) and personal computers became more powerful and cost-effective, making them ubiquitous. In specific, digital holographic microscopy (DHM) has recently attracted significant attention for its ability to retrieve both amplitude and phase information of specimens for various applications in physical and biomedical sciences \[[@r4]--[@r38]\]. These recent advances in DHM techniques also create unique opportunities to simplify the architecture of conventional bench-top microscopes, while also providing a decent imaging performance over large sample volumes, which is an important need in general for e.g., high-throughput imaging/screening applications. Note also that, apart from holographic techniques, there have been several other efforts \[[@r39]--[@r45]\] toward the same goal, aiming to create much simpler microscopes that can even work in resource-limited environments.

Along the same lines, here we demonstrate a field-portable lensfree holographic microscope that can image specimens both in reflection and transmission modes within a lightweight (\~200 g) and cost-effective platform. This lensfree dual-mode microscope, in its reflection mode of operation, is based on off-axis holography, where the reflected light from a specimen interferes with a separate reference beam at a digital sensor-array. This off-axis reflection hologram is then processed in the Fourier domain to filter out the undesired terms such that an image of the specimen can be digitally reconstructed using a PC. In its transmission mode of operation, however, the same microscopy platform is based on digital in-line holography to reconstruct transmission images of objects that are placed rather close to the sensor-chip. In our design, each mode of operation has its own advantages and disadvantages. For instance, the reflection geometry is especially suitable for imaging of optically dense or spatially connected specimen (such as tissue slides) where in-line transmission geometry would fail due to spatial distortions of the reference wave. On the other hand, the transmission geometry of this dual-mode lensfree microscope is easier to align and operate, and in addition, it achieves a much larger imaging field-of-view (FOV) compared to its off-axis reflection counterpart.

We experimentally demonstrated the performance of this field-portable dual-mode microscopy unit by imaging US-air force resolution test targets (confirming a spatial resolution of ≤2 µm for both the reflection and transmission modes), various micro-particles and a histopathology slide corresponding to skin tissue. Since it provides a compact, cost-effective, and lightweight microscopy interface, this lensfree holographic microscope might find use in resource-limited settings and field applications involving e.g., global health challenges.

2. System design {#sec1-2}
================

2.1. Reflection mode off-axis lensfree holographic microscopy {#sec2-1}
-------------------------------------------------------------

Our reflection mode lensfree microscope is based on *off-axis* digital holography. [Figure 1](#g001){ref-type="fig"} Fig. 1(a-c) Schematic diagram and photograph of our lensfree off-axis reflection holographic microscope are shown (LD: laser diode, PH: pin-hole, BC: beam-cube). The LD and the CMOS sensor chip are powered by two AA batteries and a USB connection, respectively. The inset image in (c) shows the field-portable microscope with its cover. This entire assembly, including the batteries, weighs \~200 g with dimensions of 15 x 5.5 x 5 cm. shows a schematic diagram and a photograph of our lensfree reflection mode microscope utilizing a Michelson interferometer geometry. In this architecture, a 20-mW green laser diode (λ = 531 nm - powered by two AA batteries) is butt-coupled to a 3-µm pin-hole (PH) *without* the use of any light-coupling optics. We chose to work with a relatively large aperture in our design to keep it simple and compact by avoiding any light-coupling components such as a micro-mechanical alignment stage or an objective lens. The laser light passing through the PH then illuminates a 10-mm beam cube (BC) to split into two beams, as shown in [Fig. 1(a)](#g001){ref-type="fig"}. The first beam is directed toward the specimen and is then reflected back, while the other is directed to a reference mirror that is slightly tilted (with an angle of θ, e.g., \~5°). These two reflected waves interfere at a 5-Mpixel CMOS sensor-chip (Model: MT9P031, Micron Technology) which has a pixel size of 2.2 µm and an active area of \~24 mm^2^, creating a lensfree off-axis reflection hologram of the sample. Note that by using a smaller pixel size sensor-chip (e.g., ≤1.4 µm) a larger tilt angle can also be utilized in our hologram recording geometry. Typical exposure times in our lensfree images were ≤200 ms. [Figures 1(b)-(c)](#g001){ref-type="fig"} show schematics of this compact reflection-mode lensless DHM weighting only \~200 g which includes its case and two AA batteries.

In this lensfree reflection imaging geometry, the diameter of the PH, the pixel size at the sensor, and the wavelength of illumination are important factors that determine the achievable spatial resolution. Unlike partially coherent lensfree holographic digital in-line microscopy \[[@r32],[@r33]\], the effect of the pinhole size on spatial coherence diameter at the sensor plane is not critical here since we already employ coherent laser illumination. Instead, the illumination numerical aperture (NA) is determined by the emission cone angle of the light passing through the PH, and a diameter of 3 µm in our set-up provided an illumination NA of \~0.17 at λ = 531 nm \[[@r7],[@r14]\]. For an optimum imaging system design, this illumination NA should be adjusted such that it uniformly covers the specimen FOV as well as the sensor-array active area. For a PH diameter of 3 µm, we designed our system such that we had a PH-to-sample distance (z~PS~) of \~16.5 mm and a sample-to-sensor distance (z~SS~) of \~11 mm, where z~1~ ≈5.5 mm, z~2~ ≤ 1 mm, and z~3~ ≤ 1 mm, as shown in [Fig. 1(a)](#g001){ref-type="fig"}. This hologram recording geometry provides a fringe magnification of *F* = (z~PS~ + z~SS~) / z~PS~ \~1.67 for the reflected object beam, resulting in an imaging FOV of \~3.4 x 2.6 mm at the object plane \[[@r7]\]. This ensures that the illumination cone angle provides sufficiently wide spatial coverage for both the sample area (\~3.4 x 2.6 mm) and the sensor active area (5.70 x 4.28 mm).

Apart from the illumination cone, the detection numerical aperture (determined by the sensor width and z~SS~) is another important factor that would affect the spatial resolution in our scheme. By limiting the sample-to-sensor distance to almost the beam-cube width (i.e., z~SS~ \~11 mm - see [Fig. 1(a)](#g001){ref-type="fig"}), using a CMOS sensor with an active area of \~5.70 x 4.28 mm, we can achieve a detection NA of \~0.2, which provides a close match to the illumination NA provided by the PH.

In addition to these, since the specimen is placed rather close to the sensor-chip, the pixel size at the CMOS chip would be another limiting factor for our resolution, potentially causing spatial aliasing. Because of our relatively small fringe magnification factor (*F* \~1.67), the pixel size at the sensor (i.e., 2.2 µm) effectively scales down to \~1.3 µm, which could be considered as an important source of resolution limit in our geometry. Note that in our off-axis scheme since θ is relatively small (\~5°), this pixel size is still sufficient to sample the interference between the reference and the reflection beams in our set-up \[[@r6]\].

One final source of resolution limitation that we would like to discuss here is due to the spatial averaging effect of the pinhole illumination. Since we use a relatively large PH diameter of 3 µm (to keep the design simple and compact by avoiding any light-coupling components), this aperture function is convolved with the spatial features of the specimen. However, this convolution operation is effectively scaled down by z~PS~ / z~SS~ ≈1.5 such that an effective PH diameter of \~2 µm is introduced at the hologram/sensor plane \[[@r32]\]. Since our physical pixel size at the sensor chip is already 2.2 µm, this can be considered as a secondary limitation compared to pixelation (i.e., spatial aliasing) that is discussed in the previous paragraph.

For digital reconstruction of our off-axis holograms, the raw reflection interference data first need to be digitally filtered in the Fourier domain to remove the zero-order term, twin image artifact and multiple-reflection noise terms, while keeping the spatial frequency components of the real image \[[@r6],[@r16]\]. We then use the Fresnel approximation \[[@r6],[@r31],[@r35]\] to the Fresnel-Kirchhoff integral \[[@r2]\] to digitally create the object image from this filtered Fourier data. Since we work with a relatively low numerical aperture of e.g., ≤0.2, the Fresnel approximation is still valid here, which provides a decent reconstruction result (achieving ≤2 µm resolution in reflection) without suffering from a computational bottleneck \[[@r35]\]. In this work, all our reconstructions were implemented in Matlab using a PC (Intel(R) Core(TM)2 Duo CPU E7500 - 2.93GHz), and typical reconstruction times were less 120 s (for the entire FOV), which could be significantly improved using e.g., a graphics processing unit.

2.2. Transmission mode in-line lensfree holographic microscopy {#sec2-2}
--------------------------------------------------------------

In its transmission mode, the same microscopy platform changes the position of the CMOS sensor chip and removes the beam-splitter cube (see [Fig. 2](#g002){ref-type="fig"} Fig. 2(a) Schematic diagram and (b) photograph of our lensless in-line transmission mode holographic microscope are shown. The inset image in (b) shows the field-portable microscope with its cover. The PH-to-sample distance is \~25 mm and the sample-to-sensor distance is ≤1 mm, such that the entire 24 mm^2^ active area of the CMOS sensor becomes the sample FOV.), such that lensfree diffraction holograms of the specimens can be recorded on the sensor-array. In this transmission geometry shown in [Fig. 2](#g002){ref-type="fig"}, the scattered light from each individual cell or particle interferes with the un-scattered light (which acts as the reference beam) generating an in-line hologram on the CMOS sensor plane \[[@r7]\].

The basic design of this lensfree transmission microscopy platform is similar to our previous work \[[@r32],[@r33]\] such that it employs a unit fringe magnification geometry with a sample-to-sensor distance of \< 1 mm and a pinhole-to-sample distance of \~25 mm. In this geometry, the illumination cone generated by our PH is still sufficient to practically create uniform illumination across the sample and the sensor planes. In addition to this, the relatively large PH size (\~3 µm) does *not* pose any limitations to achievable spatial resolution (unlike the reflection mode discussed earlier) since there is a large demagnification factor of \> 25 fold in this hologram recording geometry (i.e., z~PS~ \> 25 z~SS~). Another important advantage of this hologram recording scheme is its large imaging FOV, which is the same as the active area of the sensor chip since *F* \~1, i.e., FOV = 24 mm^2^ in our lensless microscope shown in [Fig. 2](#g002){ref-type="fig"}.

On the other hand, similar to the reflection mode off-axis scheme described earlier, the finite pixel size at the sensor chip is still a limitation for spatial resolution due to under-sampling of in-line transmission holograms. As discussed in our earlier work \[[@r36]--[@r38]\], this limitation, however, can be mitigated in various ways to achieve a sub-pixel spatial resolution of ≤2 µm using a pixel size of e.g., 2.2 µm as employed in our experiments. Before we discuss these experimental results, we would like to emphasize that, despite its architectural and alignment simplicity, in-line transmission geometry of [Fig. 2](#g002){ref-type="fig"} would not be suitable for imaging of connected or optically thick objects (such as tissue slides) where the in-line reference beam picks up spatial distortion. Therefore for such connected or thick specimens the off-axis reflection mode of our lensfree microscopy platform would be a better choice.

3. Experimental results and discussion {#sec1-3}
======================================

[Figure 3](#g003){ref-type="fig"} Fig. 3Reconstruction procedures for off-axis geometry using the lensfree reflection DHM shown in [Fig. 1](#g001){ref-type="fig"} are described. (a) The raw off-axis lensfree reflection hologram of US-AFT. The interference fringes of off-axis geometry are shown in the expanded version of the yellow rectangular box. (b) Pixel interpolated and zero-padded reflection hologram. (c) Fourier spectrum of this reflection hologram, which includes spatial frequencies of the 0th order, real and twin images, as well as parasitic-reflections which are indicated by dashed arrows. (d) The reconstructed reflection hologram image over a large FOV of \~9 mm^2^. (e) The digitally zoomed region specified with the small yellow rectangle in [Fig. 3(d)](#g003){ref-type="fig"} is shown here, which demonstrates a spatial resolution of ≤2μm. illustrates the reconstruction procedures of our lensfree off-axis reflection holographic microscope shown in [Fig. 1](#g001){ref-type="fig"}. To quantify the performance of its resolution and FOV, we first imaged a US Air Force resolution test target (US-AFT), i.e., USAF 1951 Test Chart from Edmund Optics. The raw lensfree hologram of the US-AFT is recorded using the reflection set-up of [Fig. 1](#g001){ref-type="fig"} as shown in [Fig. 3(a)](#g003){ref-type="fig"}. Note that the interference fringes between the reference and the reflected object waves are clearly visible within the expanded frame of [Fig. 3(a)](#g003){ref-type="fig"}. This lensfree reflection hologram is then digitally interpolated and padded with zeros (see [Fig. 3(b)](#g003){ref-type="fig"}) and its corresponding 2D Fourier spectrum is also shown in [Fig. 3(c)](#g003){ref-type="fig"}. Note that as a result of the off-axis recording geometry, the spatial frequencies of the real and twin images are clearly separated from the 0th order \[[@r2]\]. Furthermore, some of the parasitic reflections \[[@r6]\] occurring at various interfaces in our experimental setup also appear in [Fig. 3(c)](#g003){ref-type="fig"}, marked with yellow dashed arrows. After spatial filtering of these unwanted frequency components, our lensfree reflection hologram can be rapidly reconstructed using the Fresnel approximation \[[@r6],[@r31]\] to yield the image of the AFT over a rather large FOV of \~9 mm^2^, as shown in [Fig. 3(d)](#g003){ref-type="fig"}. [Figure 3(e)](#g003){ref-type="fig"} also shows a digitally enlarged version of the central section (taken from [Fig. 3(d)](#g003){ref-type="fig"} indicated by the yellow dashed rectangular box), which demonstrates ≤2 µm lateral resolution.

Next, using the same off-axis lensfree reflection microscopy mode (i.e., [Fig. 1c](#g001){ref-type="fig"}), we imaged a histopathology slide (prepared using standard sample preparation protocols \[[@r46]\]) corresponding to a human skin tissue, the results of which are summarized in [Fig. 4](#g004){ref-type="fig"} Fig. 4Reflection imaging of a histopathology slide corresponding to skin tissue using lensfree off-axis holography. (a) The raw off-axis reflection hologram of skin tissue. (b) The digitally zoomed hologram region specified with the blue rectangle in [Fig. 4(a)](#g004){ref-type="fig"} is shown. The corresponding reconstructed amplitude reflection image is shown in (c). Conventional reflection mode microscope image of the same specimen using a 4X objective lens (NA: 0.1) is also shown in (d) for comparison purposes. Note that due to their limited FOV, higher magnification objective lenses would not be able to capture the same comparison image. (e) same as in (c) except for a different region of interest. (f) provides a conventional reflection mode microscope image of the same specimen for comparison.. To minimize multiple reflection interference artifacts in our reflection hologram, we used a right angle prism behind the glass sample holding the tissue slide with refractive index matching oil between the two. Since the intensity of the reflected wave from the skin tissue is quite weak, a regular thin cover glass (thickness \~100 µm) is used as a reference mirror in [Fig. 1](#g001){ref-type="fig"} to balance the intensity between the object and the reference waves. [Figure 4(a)](#g004){ref-type="fig"} shows the lensfree off-axis reflection hologram of this skin tissue, where a digitally expanded version of it is also shown in [Fig. 4(b)](#g004){ref-type="fig"}. The reconstruction result of this off-axis reflection hologram is shown in [Fig. 4(c)](#g004){ref-type="fig"}. For comparison purposes, [Fig. 4(d)](#g004){ref-type="fig"} also illustrates the results of a conventional reflection mode bench-top microscope imaging the same specimen taken with a 4X objective lens (0.1 NA), which agrees well with our field-portable lensfree reflection microscope results. Note that due to their limited FOV, higher magnification objective lenses (e.g., 10X or 20X) would not be able to capture the same comparison image.

Following this, we tested the imaging performance of our transmission mode field-portable microscope shown in [Fig. 2](#g002){ref-type="fig"}. To demonstrate its resolving power, lensfree in-line hologram of an AFT is recorded using the set-up shown in [Fig. 2](#g002){ref-type="fig"}, where the raw holograms of groups 2 & 3, groups 4 & 5, and groups 6 & 7 are shown in [Figs. 5(a)](#g005){ref-type="fig"} Fig. 5Demonstration of the imaging performance of our in-line lensfree transmission microscope shown in [Fig. 2](#g002){ref-type="fig"}. (a-c) Raw lensfree in-line transmission holograms for (a) groups 2-3, (b) groups 4-5, and (c) groups 6-7 of the US-AFT. The corresponding reconstruction results (amplitude) are shown in (d), (e), and (f), respectively., [5(b)](#g005){ref-type="fig"}, and [5(c)](#g005){ref-type="fig"}, respectively. The corresponding reconstructed amplitude images of these lensfree transmission holograms are shown in [Figs. 5(d)](#g005){ref-type="fig"}, [5(e)](#g005){ref-type="fig"}, and [5(f)](#g005){ref-type="fig"}, respectively. These images are digitally obtained by an iterative reconstruction process (\~15 iterations) that is based on object-support constrained phase recovery, which effectively removes the twin image artifact of in-line holography \[[@r3],[@r18],[@r32]\]. The reconstructed images shown in [Fig. 5](#g005){ref-type="fig"} demonstrate a resolution of ≤2μm over a wide imaging FOV of \~24 mm^2^ which is due to our unit-fringe-magnification hologram-recording geometry. It is important to note that our off-axis lensfree reflection microscope provides a similar spatial resolution, however, over a smaller FOV of \~9 mm^2^. This relatively reduced FOV of the reflection mode is due to its increased fringe magnification (*F* \~1.67 compared to *F* \~1 in transmission mode) as well as due to its off-axis geometry with θ \~5°.

And finally, we imaged 4-μm-sized micro-particles using the same lensless holographic transmission microscope. [Figure 6](#g006){ref-type="fig"} Fig. 6(a) Raw lensfree transmission hologram for 4 µm beads and (b) its corresponding reconstructed amplitude image are illustrated. (c) Conventional bright-field microscope image of the same objects (40X objective lens -- NA: 0.6) is also provided for comparison purposes. illustrates our lensfree holographic imaging results and also provides comparison images of the same objects obtained by a 40X objective lens (NA = 0.6) of a conventional bench-top bright-field microscope, which provide a decent agreement to our reconstruction results.

We should note that this presented field-portable microscope could be used to monitor e.g., water samples as well as various bodily fluids such as semen or blood. In its transmission geometry, a major advantage of this platform is its imaging volume. The large FOV (\~24 mm^2^) combined with a long depth-of-field (e.g., \~1-2 mm) can enable rapid screening of large sample volumes. For water quality monitoring applications, for instance, the reflection mode would also be quite relevant, especially for sample concentration steps that involve e.g., porous silicon membranes, where the reflection mode geometry could be of great interest with its large imaging FOV (e.g., \~9 mm^2^)

4. Conclusion {#sec1-4}
=============

We demonstrated a field-portable lensless microscope that can image specimens in both reflection and transmission modes using off-axis and in-line digital holography, respectively. We tested the performance of this compact dual-mode microscope by imaging a US-air force resolution test target, various micro-particles as well as a histopathology slide. Due to its compact, cost-effective, and lightweight design, this dual-mode lensless holographic microscope could be useful in field conditions and in resource-limited locations.
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